Many mammals create food stores to enhance overwinter survival in seasonal environments. Strategic arrangement of food within caches may facilitate the physical integrity of the cache or improve access to high-quality food to ensure that cached resources meet future nutritional demands. We used the American pika (Ochotona princeps), a food-caching lagomorph, to evaluate variation in haypile (cache) structure (i.e., horizontal layering by plant functional group) in Wyoming, United States. Fifty-five percent of 62 haypiles contained at least 2 discrete layers of vegetation. Adults and juveniles layered haypiles in similar proportions. The probability of layering increased with haypile volume, but not haypile number per individual or nearby forage diversity. Vegetation cached in layered haypiles was also higher in nitrogen compared to vegetation in unlayered piles. We found that American pikas frequently structured their food caches, structured caches were larger, and the cached vegetation in structured piles was of higher nutritional quality. Improving access to stable, high-quality vegetation in haypiles, a critical overwinter food resource, may allow individuals to better persist amidst harsh conditions.
Securing access to limited, critical resources, such as food, challenges nearly every wild organism. Many animals buffer variation in food availability by collecting food when resources are abundant and storing it for future use (Vander Wall 1990) . Additionally, some animals use techniques to improve or prolong these stored resources. Humans, for example, have a long history of securing year-round access to food, in part, by attenuating spoilage of food stores with preservatives, refrigeration, and dehydration (Hammond et al. 2015) . Humans also produce hay to provide year-round forage for livestock, and have developed techniques to preserve these stores effectively. Other animals similarly manage their food stores to improve cached resources. Multiple species of squirrels (e.g., Sciurus aureogaster, S. carolinensis) excise embryos to halt plant germination and promote longevity of cached acorns (Steele et al. 2001) . Additionally, northern short-tailed shrews (Blarina brevicauda) may arrange the food in their caches as a function of both preference and perishability (Martin 1984) .
Arrangement of food in a cache may increase the structural stability of the cache or improve access to high-quality resources during periods of food scarcity. Eurasian beavers (Castor fiber), for example, enhance the structural stability of caches by strategically arranging branches of various sizes to fortify caches against moving water (Dzieciolowski and Misiukiewicz 2002) . By storing seeds in vertical bundles of "seed stems," banner-tailed kangaroo rats (Dipodomys spectabilis) manipulate nutritional quality of cached food through attenuating microbial growth (Herrera et al. 2001) . Aside from these examples, however, few studies have explicitly quantified the architectural configuration of food as a technique for cache management. Explicitly quantifying the arrangement of food, and the potential corresponding benefits, could further illuminate the strategies animals may use to improve access to highquality, stored resources.
The American pika (Ochotona princeps) is a food-hoarding, herbivorous lagomorph primarily found in talus slopes throughout high-elevation environments in western North America. While many species occupying similar habitats migrate or hibernate during winter, pikas remain active yearround (Smith and Weston 1990) . To help secure sufficient food to survive the winter, pikas vigorously forage during the summer months when herbaceous material can be harvested, and store their food as haypiles (Huntly et al. 1986; Dearing 1997a) . Pikas maintain and defend either a single haypile or a complex of nearby haypiles that can be linked unambiguously to an individual (Millar and Zwickel 1972) . Pikas prefer plants that are high in nitrogen and moisture (Smith and Erb 2013) and selectively harvest vegetation high in secondary compounds, which degrade slowly (Dearing 1997b) . While the extent to which pikas exclusively depend on haypiles for overwinter forage has been debated (Millar and Zwickel 1972; Conner 1983; Dearing 1997a) , haypiles clearly provide an important resource during periods of reduced food availability (Dearing 1997a) . Given pika use of haypile material throughout the winter (Conner 1983) , cache-management techniques that improve access to high-quality food may provide a substantial benefit.
We addressed 3 objectives related to the architecture of pika haypiles and the potential benefits. First, we quantified the extent to which vegetation was systematically arranged (i.e., structured) in discrete layers containing a single vegetation functional type (i.e., grass, forb, shrub, or tree; Objective 1). We then examined the individual and environmental variables associated with whether haypiles were layered (Objective 2; Table 1 ). For this objective, we developed and tested 3 a priori hypotheses and associated predictions:
Haypile-Number Hypothesis: The degree to which haypiles are structured depends upon the number of haypiles an individual creates, as vegetation functional types (i.e., grass, forb, shrub, or tree) might be spatially segregated into separate haypiles. If the number of haypiles influences whether haypiles are structured, individuals that create more haypiles should be less likely to structure their haypiles.
Experience Hypothesis: The degree to which haypiles are structured depends upon an individual's age, as juveniles have not experienced a winter or had extensive opportunity to observe experienced conspecifics (Weigl and Hanson 1980) . Adult pikas (experienced) should be more likely to structure haypiles, compared to juveniles (inexperienced).
Forage-Diversity Hypothesis:
The presence of structuring depends upon adjacent vegetation because, faced with a greater variety of food options, individuals might spatially stratify forage by functional type (e.g., grass, forb, shrub, or tree). Individuals adjacent to more diverse plant communities should therefore be more likely to have layered haypiles.
Finally, we determined whether haypile structuring conferred advantages to the architect (Objective 3; Table 1 ). Specifically, we tested 2 explicit hypotheses and associated predictions for why pikas may layer their haypiles:
Cache-Stability Hypothesis: Pikas structure their haypiles to facilitate physical stability. Homogeneous layers of vegetation may help to hold plant material in place, thereby facilitating physical stability of the cache. Individuals with larger haypiles should be more likely to structure caches.
Nutritional-Quality Hypothesis: Pikas structure cached vegetation to improve access to high-quality food. Structured caches should include vegetation that is of better nutritional quality than unstructured caches. Thus, vegetation in layered haypiles should be higher in key dietary components such as nitrogen (Mattson 1980) and moisture (Barboza et al. 2009 ), but lower in fiber, which is more difficult to digest (Van Soest 1996) . 
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Materials and Methods
Study area.-We studied haypiles of the American pika at 5 study sites in the Salt (n = 2), Snake River (n = 1), and Gros Ventre (n = 2) mountain ranges in the Bridger-Teton National Forest, western Wyoming, United States, during 17 July-15 September 2015 (Table 2) . Study sites were located across an elevational gradient (1,800-2,800 m) in subalpine and alpine ecosystems characterized by tall-forb and mixed-grass communities. Average annual temperatures ranged from −2°C to 6°C. Average annual precipitation in our study locations ranged from 50 to 90 cm (PRISM Climate Group 2016; http://prism. oregonstate.edu/).
Study sites were randomly selected as a subset of 146 sample points that were generated using a Generalized Random Tessellation Stratified sampling method (Stevens and Olsen 2003) , as part of a separate research initiative (Hall et al. 2016) . Within 2 km of the center point of each site, we opportunistically searched for active haypiles to locate 5-14 individual territories per site. Search time for territories ranged between 5 and 8 h, depending on the topographic complexity and distribution of individuals at a site. Caches could be linked with a single pika because individuals fiercely defend the food that they collect, maintain spatially separated haypiles (> 12 m- Rodhouse et al. 2010) , and rarely contribute to caches belonging to other pikas (Millar and Zwickel 1972) . Haypiles often sit on or near the talus surface, although portions of the cache can extend deep into the rocks (Millar and Zwickel 1972; Dearing 1997a) . Vegetation cached below the talus surface was largely inaccessible due to logistical challenges (Millar and Zwickel 1972; Dearing 1997a) , and was excluded from our study.
Extent of haypile layering.-We searched through all accessible haypiles within a cache complex to assess cache structure. We classified a haypile as systematically arranged if the haypile was stratified in horizontal layers of homogeneous vegetation (hereafter, layers). Layers were often several cm thick, covered the length and width of the haypile, and contained more vegetation than would be present in a single food load. To prevent disturbing unmeasured layers, we searched for layers from the top to the bottom of the haypile, and therefore only moved vegetation that had already been measured. For haypiles containing ≥ 2 visually distinct layers, we recorded the vegetation species and functional type (i.e., grass, forb, shrub, or tree) at each 5-cm interval on a transect (Canfield 1941 ) oriented on top of the layer, along the center of the widest horizontal axis of the haypile. This allowed us to confirm that visually identified layers were homogeneous. The 5-cm sampling interval was sufficiently frequent to assess variation in vegetation composition, without measuring each piece of cached vegetation. In cases when an initial plant specimen was too dry to facilitate specieslevel identification, we searched the pile for a better-preserved specimen, after all haypile layers had been measured. If we were unable to locate a higher-quality specimen, we labeled the plant as "unknown" and searched for the best possible match from the known foraging area, based on key plant-identification characteristics. If 1 functional type in a visually identified layer comprised ≥ 60% of the hits in the modified line-intercept transect, we considered the candidate layer to be a distinct layer.
Individual and environmental correlates of haypile structure.-To address the Haypile-Number Hypothesis, we counted all accessible (i.e., on or near the talus surface) haypiles in each individual's territory by searching for haypiles within a 12-m radius (Rodhouse et al. 2010 ) of the largest active haypile (primary haypile). Whereas the size of pika territories may vary between 400 and 700 m 2 (Smith and Weston 1990 ), a 12-m search radius reflects average territory size (Rodhouse et al. 2010) . Individual pikas often create 1 or 2 primary haypiles, though they may create complexes containing multiple (e.g., 3-6), smaller haypiles (Millar and Zwickel 1972) . Caches deep below the talus surface were not counted. To address the Experience Hypothesis, we determined the relative age (juvenile or adult) of each individual through footage captured on motion-activated video cameras (Bushnell Trophy Camera, model 119435; Bushnell, Overland Park, Kansas) placed within 3 m of the primary haypile as part of a separate study. We classified individuals using a quantitative rubric assessing body size, body shape, and pelage color. Individuals that exhibited at least 2 of the following characteristics were classified as adults: pelage that showed signs of a molt, large body size, or a distinct neck (Smith and Weston 1990) . To test the Forage-Diversity Hypothesis, we measured the composition of available vegetation along 2 line-point intercept transects (Canfield 1941) , each 8-m long. We centered the 1st transect on the primary haypile, perpendicular to the slope of the talus. We began the 2nd transect at the talus-meadow edge nearest to the haypile, and extended it into the meadow along a randomly selected direction. At each 2-m location, we placed a 0.2 × 0.5 m Daubenmire frame parallel to the transect (Daubenmire 1959) . The frame was divided into 10 squares (each 0.1 × 0.1 m). We dropped a pin at each of the 18 intersections within these squares and measured plant functional type at the basal level and the next 2 plants that contacted the pin as we proceeded vertically from the basal level to the top of the pin. Vegetation hits above 50 cm were considered unreachable to pikas and were not included (Hall et al. 2016 ).
Benefits of haypile structure.-To test the Cache-Stability Hypothesis, we measured the volume (m 3 ; length × width × height) of the primary haypile and of each accessible haypile within a 12-m radius of the primary haypile. Vegetation cached beneath the talus was largely inaccessible and excluded from our analyses. To test the Nutritional-Quality Hypothesis, we calculated percent nitrogen, acid detergent fiber (ADF), neutral detergent fiber (NDF), and moisture content from liveplant samples that reflected the relative species composition of each individual's primary haypile. We first calculated the relative proportion of plant species along 3 transects: 1 each near the top, middle, and bottom of the primary haypile. We then collected samples of live plants from the meadow adjacent to each haypile, in proportion to the species' occurrence in the haypile. This process resulted in 1 mixed-species plant sample for each pika. Because haypiles are an important overwinter food source (Conner 1983; Dearing 1997a ) and removal of cached vegetation could have unforeseen consequences, we did not remove cached vegetation to measure nutritional quality, but instead collected live samples. Consequently, the live samples represented a relative measure of the nutritional quality of cached vegetation. They did not, however, reflect whether structuring caused the nutritional quality of cached vegetation to change over time. We obtained percent nitrogen, ADF, and NDF through the Soil, Water and Plant Testing Lab at Colorado State University (http://www.soiltestinglab.colostate.edu/). To derive moisture content, we measured the difference between the initial sample weight and the dry sample weight (dried at 60°C for 48 h- Livensperger et al. 2016) .
Our work did not require the capture and handling of animals. All research protocols were approved by the University of Wyoming Institutional Animal Care and Use Committee (IACUC protocol number 08092013EH00009-03).
Statistical analyses.-For the Haypile-Number, ForageDiversity, and Cache-Stability Hypotheses, we fit univariate logistic regressions to analyze the probability of layering within a haypile as a function of the number of haypiles per individual, diversity of the surrounding vegetation (ShannonWiener Index-Shannon 1948) , and haypile volume (m 3 ), respectively. We evaluated significance based on P-values (α = 0.05), and assessed model performance by calculating the area under the Receiver Operating Characteristic curve (hereafter AUC-Hosmer and Lemeshow 2000). We calculated 95% confidence intervals (CIs) for predicted values using a nonparametric bootstrap (1,000 model iterations). To evaluate the Experience Hypothesis, we tested whether there was a difference in the proportion of adults and juveniles that layered haypiles using Fisher's exact test (Zar 2010 We conducted all statistical analyses in R (R Core Team 2016). We calculated the Shannon-Wiener Index using the vegan package (Oksanen et al. 2016) and AUC values with the ROCR package (Sing et al. 2005) .
results
We sampled 62 haypiles belonging to 46 individuals (34 adults, 12 juveniles). We estimated diversity of available vegetation for 33 haypile complexes, and collected nutritional data using the primary haypiles of 30 individuals. Fifty-five percent of the 62 haypiles that we measured contained at least 2 discrete layers. All 5 sites contained layered haypiles (Table 2) . Structured haypiles contained an average of 2.4 layers (max = 6). Of the confirmed layers we measured (n = 104), 73% were forb layers, whereas grass and shrub comprised 15% and 12% of layers, respectively.
The number of haypiles per individual did not influence the probability of layering (P = 0.862, β = −0.048, d.f. = 45, AUC = 0.268). Sixty-eight percent of adults and 73% of juveniles layered their haypiles, indicating that adults and juveniles layered with similar frequency (Fisher's exact test, P = 1). Across all sites, Shannon-Wiener diversity values for forage plants available in or near territories ranged from 0.17 to 1.32, with substantial within-site variability (Table 2) . Whether a haypile complex was adjacent to more diverse vegetation, however, did not influence the probability of layering (P = 0.324, β = −1.819, d.f. = 32, AUC = 0.623).
As haypile volume increased, the probability of a haypile containing at least 2 discrete layers also increased (P = 0.005, β = 7.66, d.f. = 61, AUC = 0.756; Fig. 1 ). Vegetation in layered haypiles (n = 24) had significantly higher nitrogen content (x = 2.22, CI = 2.10-2.34) than vegetation in unlayered (n = 6) haypiles (x = 1.83, CI = 1.64-2.02; Fig. 2A 
discussion
We provide evidence of a previously undocumented cachemanipulation behavior used by American pikas that may facilitate improved access to high-quality resources during periods of food scarcity. Our results suggest that cache architecture can enhance the stability of cached resources, which may benefit individuals employing this behavior. Additionally, we demonstrate that layered haypiles contained vegetation of higher nutritional quality than unlayered haypiles, which may improve access to high-quality resources.
Structured caches were found ubiquitously in our study (i.e., across all sites, pika age classes, and areas varying in surrounding vegetation diversity), but were especially prevalent when haypiles were larger in volume. Our results are consistent with the Cache-Stability Hypothesis, suggesting that pikas systematically arrange the vegetation in their haypiles in layers to promote structural stability. Prior to modern baling techniques, humans preserved livestock forage in haystacks stabilized by internal vegetative scaffolding. Similarly, American beavers (C. canadensis) create rafts that stabilize caches and hold harvested food under water (Slough 1978) . When building caches in water with strong currents, Eurasian beavers arranged branches to improve stability of the cache, but haphazardly placed branches when caches were in slower-moving water (Dzieciolowski and Misiukiewicz 2002). Environmental conditions such as shifts in the talus foundation upon which pikas build haypiles, strong winds, or sliding snowpack may contribute to haypile degradation. Large haypiles may be especially susceptible to falling apart, such that an internal, layered structure that facilitates stability would be advantageous. Layered caches at our sites, moreover, often included at least 1 portion composed of woody, and sometimes thorny (e.g., raspberry), material that may help to lock other more palatable (e.g., grasses and forbs) vegetation in place. We often observed leftover woody, thorny material at old haypile sites in the spring. Whereas pikas may harvest entire plant stems, including inedible portions, to minimize transportation costs (Huntly et al. 1986 ), woody material may also help to promote cache stability. In addition, forbs themselves tend to have more structural variation than grasses, which may facilitate interlocking among adjacent, cached forbs, thereby allowing larger and more stable food stores.
Vegetation cached in haypiles containing discrete layers was higher in nitrogen, thereby supporting our Nutritional-Quality Hypothesis. Nitrogen is a necessary component of mammalian diets (e.g., Holter et al. 1979; Mattson 1980) . Humans, for example, use fertilizer and carefully time harvests to maximize nitrogen content in hay for livestock (Gokkus et al. 1999; Guretzky et al. 2011) . Pikas, and many other montane herbivores, preferentially select plants that are high in nitrogen (Smith and Erb 2013) . Although the reason why caches containing layers also contained vegetation of higher nutritional quality remains unclear, careful arrangement of cached vegetation and the corresponding quality of vegetation within those caches may reflect different food-storage strategies or levels of investment in creating caches. Arranging cached vegetation into layers of homogenous vegetation may help pikas secure high-nitrogen plants in known locations within the haypile. Alternatively, the higher nitrogen levels may be a by-product of a behavior to increase stability of the cache, if layered caches tend to contain more forbs per unit volume. Regardless, given the importance of nitrogen, and the limited availability of nitrogen in high-elevation systems (Aho et al. 1998; Bowman et al. 2012) , techniques that improve access to this vital nutrient may be especially beneficial.
Vegetation included in layered haypiles tended to be of higher moisture content than vegetation in unlayered haypiles, though this trend was not significant. Our plant samples were comprised of live plants, but moisture contained in cached plants is likely lost as a plant dries. Pikas primarily rely on metabolic water and water from vegetation to meet nutritional demands (Erb et al. 2011; Smith and Erb 2013) . As pikas often consume small amounts of vegetation directly from the haypile shortly after harvest (Hall 2017) , caching plants that are high in moisture may represent an important food-storage decision, even if the benefit of that decision can quickly become obsolete.
The number of haypiles within an individual's territory did not influence whether haypiles were structured, indicating that animals did not simply segregate food types into monotypic haypiles. Moreover, adults and juveniles structured their haypiles in similar proportions. Because of our small sample size for juveniles (n = 12), however, our results should be interpreted with caution. Pikas are territorial (Barash 1973), so there may be little opportunity for an inexperienced individual to observe the haying behavior of experienced individuals. Though other caching animals can acquire cache-management techniques through observation (Weigl and Hanson 1980) , pikas may acquire their management techniques through another method, such as individual trial and error, or it may be an innate behavior. Personality or behavioral syndromes (Sih et al. 2012; Wolf and Weissing 2012) also may have influenced cache architecture, in addition to the individual correlates that we assessed. The ontogeny of the cache-management behavior we studied warrants further investigation, as it could illuminate processes underlying caching decisions.
Vegetation diversity differed among sites, with the most diverse site having nearly twice the functional-type diversity as the least diverse site. Vegetation diversity in and around haypile complexes, however, did not influence probability of layering, though the specificity with which we quantified vegetation (i.e., functional type) may have been too coarse to detect meaningful patterns. The influence of phenology on forage choices in herbivores is also an important consideration (Merkle et al. 2016) . If the layering patterns that we observed were a function of plant phenology, however, the sequence of layers within a site (i.e., order of layers from the top of the haypile to the bottom) should have been very similar. However, layer sequence varied substantially within sites. For example, at 1 mid-elevation site (2,502 m) we observed 5 haypiles wherein the top 2 layers were forb; 2 haypiles in which the top layer (forb) was adjacent to grass; 1 haypile in which grass was the top layer, adjacent to a forb; and 1 haypile in which the top layer was a shrub, adjacent to a forb. Because we assessed layer composition at the level of the functional type, however, we cannot reject the hypothesis that phenology affected haypile architecture at the level of individual plant species. Taken together, however, our results suggest that cache attributes, such as haypile volume, may influence pika cache arrangement more than environmental or individual animal factors.
Despite being generalist herbivores, pikas select plants based on a variety of factors, including secondary compounds (Dearing 1997b ). However, because plants high in secondary compounds do not facilitate preservation of adjacent plants (Dearing 1997b) , the arrangement of vegetation high in secondary compounds likely did not enhance the preservation of other plants within pika haypiles. Moreover, in addition to creating haypiles on the talus surface, pikas also cache vegetation under the talus (Dearing 1997a) . We attempted to access vegetation cached beneath the surface, although some vegetation remained inaccessible. Characterizing the arrangement of vegetation cached under the talus would have required excavating all vegetation and removing all rocks, which likely would have disturbed the vegetation arrangement. Our inferences are therefore restricted to vegetation cached above the talus surface.
Food caching is an adaptive behavior that allows animals to inhabit environments with variable food resources (Vander Wall 1990) , and a growing body of evidence suggests that animals use a variety of strategies to maximize the benefits of cached resources. American pikas rely on cached resources for forage throughout harsh winters (Dearing 1997a ; but see Millar and Zwickel 1972; Conner 1983) , and behaviors that improve access to high-quality food may increase survival and reproductive success. As climate change continues, strategies that protect animals against periods of food scarcity may become increasingly important. In particular, behaviors that enhance the stability of caches amidst changing freeze-thaw cycles, rain-on-snow events, and other dynamics that destabilize the subnivean space (Pauli et al. 2013 ) may be particularly relevant to the survival of non-hibernating, high-elevation mammals. Given the seasonal and variable nature of the high-elevation environments that pikas often inhabit, techniques that improve access to high-quality food may help to promote individual persistence amidst dynamic and increasingly unpredictable conditions.
We provide evidence that pikas manipulate their caches by systematically arranging vegetation in homogeneous layers. This arrangement likely facilitates structural integrity and is associated with caching vegetation of higher quality. Given that pikas live in environments where food is seasonally limited, manipulations that improve access to high-quality cached foods critical to overwinter survival may be of particular importance. Results of our study offer insights into a previously undocumented cache-management technique, and highlight a unique strategy through which mammals improve access to high-quality cached resources. acknowledgMents S. DuBose, A. Ruble, and C. Tappe assisted with data collection. We thank J. Ceradini for helpful suggestions regarding our analyses and J. Goheen for comments on an earlier version of this manuscript. E. Heske, P. Zollner, and 3 anonymous reviewers also provided insightful feedback. This work was conducted under U.S. Forest Service permit number 65203 and IACUC protocol number 08092013EH00009-03. RPJ was supported by National Science Foundation grant EPS-1208909. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government. literature cited
